Human infants are relatively resistant to Clostridium difficileassociated diarrhea and colitis compared to adults. In that toxin A is the major cause of intestinal damage with this organism, we compared toxin A receptor binding and biological effects in newborn vs adult rabbit ileum. Purified toxin A (M, 308 kD) was labeled with tritium or biotin with full retention of biologic activity. Appearance of specific toxin A brush border (BB) binding was strongly age dependent with minimal 13Hltoxin A specific binding at 2 and 5 d of life, followed by gradual increase in binding to reach adult levels at 90 d. Absence of toxin A binding sites in newborn and presence in adult rabbits was confirmed by immunohistochemical studies using biotinylated toxin A. Toxin A (50 ng to 20 gg!/ml) inhibited protein synthesis in 90-d-old rabbit ileal loops in a dose-dependent fashion. In contrast, inhibition of protein synthesis in 5-d-old rabbit ileum occurred only at the highest toxin A doses (5 and 20 jug/ml) and at all doses tested was significantly less than the adult rabbit ileum. In addition, toxin A (5 ,ug/ml) caused severe mucosal damage in adult rabbit ileal explants but had no discernable morphologic effect on 5-d-old rabbit intestine. Our data indicate that newborn rabbit intestine lacks BB receptors for toxin A. The absence of the high-affinity BB receptor for toxin A in the newborn period may explain lack of biologic responsiveness to purified toxin, and the absence of disease in human infants infected with this pathogen. (J. Clin. Invest. 1992. 90:822-829.) Key words: brush border receptor -Clostridium difficile -development * enterotoxin A * toxin receptor
Introduction
Clostridium difficile has emerged as the most important cause ofantibiotic-associated colitis in animals ( 1, 2) and humans (3, 4) and is one of the most commonly diagnosed nosocomial infections (5) . This gram-positive obligate anaerobe produces two protein exotoxins: toxin A and toxin B. Toxin A is a 308-kD (6) enterotoxin that elicits intestinal fluid secretion and inflammation, causes severe destruction of villi, and increases permeability in adult rabbit and guinea pig ileum (7) (8) (9) (10) . In addition to its enterotoxic activity, toxin A also possess cytotoxic activity against several intestinal and nonintestinal cultured cells ( 1 1-13 ) , and hemagglutinating activity against rabbit erythrocytes ( 14) . Toxin B is a potent cytotoxin, but possesses no enterotoxic activity in hamster or rabbit intestine (7, 8, 15) .
A curious, and thus far unexplained, aspect of C. difficile infection is the relative resistance of human newborns and infants to this pathogen. When adults and children older than 2 yr of age are infected with toxigenic strains of this pathogen, they generally exhibit signs and symptoms of enterocolitis, although newborns and infants may harbor this pathogen and its toxins in their intestines without developing evidence of disease. Indeed, C. difficile and its toxins can be identified in the feces of up to 70% of healthy neonates and infants ( 16, 17) , often at levels similar to those recorded in adults with severe antibiotic-associated colitis ( 16, 18) . The reason(s) for this apparent "resistance" is unknown, but several investigators have suggested that it may be related to diminished toxin A receptors in infants ( 16, 19) , as has been reported for the shigella toxin receptor (20) .
As with other bacterial exotoxins, membrane receptors for toxin A are thought to be required for intoxication of target cells (21, 22) . Krivan et al. ( 14) and Clark et al. (23) showed that the toxin A receptor in rodents is a glycoconjugate containing the trisaccharide Gal a 1-3Gal ,3 . Interestingly, toxin A binding ( 14) , hemagglutination ( 14) , and cytotoxicity (21 ) could be blocked by prior exposure of cells to Bandeirea simplicifolia (BS-1)1 lectin, a plant lectin which binds specifically to glycolipids and glycoproteins containing a-D-galactose residues and hemagglutinates rabbit erythrocytes ( 14) . Although the toxin A receptor on rabbit erythrocytes appears to be a glycolipid (23) , we 
Methods
Toxin purification and radiolabeling. Toxin A was prepared from filtered cultured supernatants of C. difficile strain 10463. Toxin A was purified and radiolabeled as described by us (24) . Enterotoxic activity of unlabeled and [3H]toxin A was assayed in rabbit and rat intestinal loops (25, 26) and cytotoxic activity in rat basophilic leukemia cells (24) . Typical stock solutions of purified toxin A used in these studies contained between 800 and 2,000 Ag/ ml protein as measured by Bradford's method (27) .
Biotinylation oftoxin A. Toxin A was biotinylated using the biotin derivative NHS-LC-biotin by a modification of the method described by Hnatowich et al. (28) . Briefly, toxin A in 50 mM bicarbonate buffer (pH 8.0) was incubated with NHS-LC-biotin in a 1:20 toxin A to biotin molar to molar ratio for 2 h on ice. Unreacted reagent was removed by dialysis against 50 mM Tris/HCI buffer (pH 7.4). Biotinylated toxin A was compared to unlabeled toxin A for cytotoxic activity and enterotoxic activity, and by SDS PAGE according to Laemmli (29) followed by immunoblotting using streptavidin-biotinylated HRP and 4-chloro-1 -naphthol as a substrate. Biotinylated toxin A used in these studies migrated identically to native toxin on SDS-PAGE (not shown) and biologic activity against rat basophil leukemia cells (24) and in rat ileal loop assays (26) were identical to native toxin A.
Binding of [3H] toxin A to rabbit ileal BB. Adult rabbit ileal BB were purified from 10 to 30-cm-long ileal segments by the EDTA-chelation method of Hopfer et al. (30) . Ileal BB from newborn and infant rabbits ages 2, 5, 10, 14, 19, and 45 d were purified by a CaC12 precipitation method of Israel et al. ( 31 ) . Purification of BB preparations was assessed by alkaline phosphatase (32) , sucrase (33) , and lactase (33) activities and by light microscopy of homogenates and purified BB. All purified BB preparations used in this study had a minimum 10-fold enrichment in enzyme activity over the homogenates.
BB binding experiments were performed in a total volume of0.2 ml of 50 mM Tris buffer (pH 7.4) in assay tubes containing 0.1 mg purified BB protein as described previously by us (24) . For estimation of Immunohistochemistry. Staining was performed on 5-,um sections of formalin-fixed, paraffin-embedded tissues of normal 5-and 90-d old rabbit ileum. All steps were performed at room temperature. The wash buffer was PBS containing 0.1% BSA (pH 7.4). Slides were rehydrated with xylene and graded alcohol and then treated with 0.3% H202 in methanol for 10 min. After washing three times with buffer, slides were incubated with 1% BSA in PBS for 20 min which was then blotted off.
Biotinylated lectin BS-1 (5 ytg/ml) or biotinylated toxin A (200 ,g/ ml) were then added for 1 h followed by three washes. In some experiments 90-d-old formalin-fixed rabbit ileal tissue was first preincubated with 500 ,g/ml or 5 mg/ml of lectin BS-1 for 60 min at 22°C, then washed, and then incubated with biotinylated toxin A (200 ,ug/ml). This step was followed by addition of streptavidin-peroxidase (10yIg/ ml) for 30 min. After three washes, slides were treated with DAB for 4-6 min, washed extensively with distilled water, counterstained with methyl green, dehydrated, and then mounted. Slides were examined for BS-1 and toxin A reactivity in a blinded fashion without knowledge of the tissue source.
Protein synthesis in rabbit ileal loops. Ileal loops were constructed in fasted, anesthetized rabbits as previously described (8, 9) . Two 10-cm loops were formed in each animal, with at least a 5-cm distance between loops. Loops were injected using a 25-gauge needle with either toxin A (5 ng to 20 ,g) in 1 ml of 50 mM Tris buffer (pH 7.4), or 1 ml of buffer alone (control). Toxin A was allowed to incubate in the loop for 15 min while the animal was kept under general anesthesia. Rabbits were then killed with an intravenous bolus of pentobarbital, loops were excised, and mucosal explants measuring -2 x 2 mm were cut with scissors and placed in organ culture dishes. For determination of protein synthesis explants were then incubated with 1.5 ml of Trowell's T-8 medium containing 10% fetal calf serum, 100 U/ml penicillin, 100 ,ug/ml streptomycin and 10 ,uCi/ml [3H] leucine. Incorporation of [3H]leucine into explant proteins during a 24-h period at 37°C was determined as previously described (34) . Results were expressed as disintegrations per minute per milligram of explant protein.
Full thickness samples of ileal explants taken before and after post organ culture were fixed in 10% phosphate-buffered formalin. After fixation, tissue strips were processed in a VIP-200 tissue processor (Miles Laboratories Inc., Elkhart, IN) and embedded on edge in paraffin. Serial sections were then stained with hematoxylin and eosin and examined by light microscopy.
Results
Age-related binding of [3H] toxin A to rabbit ileal BB. As shown in Fig. 1 (Fig. 1) .
Morphologic localization ofbound biotinylated toxin A and BS-J. Previous studies have indicated that binding of [3H]toxin A toxin A to its intestinal receptor is inhibited by the plant lectin BS-1, which binds to glycoconjugates with terminal a-D-galactose residues ( 14, 24) . We therefore tested whether the lectin BS-1 would inhibit binding ofbiotinylated toxin A to adult rabbit ileum. In adult rabbit ileum toxin A reacted strongly with the BB ofvillus tip cells (Fig. 2 A) . Preincubation ofrabbit ileum with the lectin BS-1 resulted in marked decrease of toxin A binding (Fig. 2, B and C) , thus confirming the importance of a galactose residues in toxin A receptor.
In that [3H ] toxin A binding to ileal BB was age dependent, we compared toxin A and BS-1 receptor binding in adult vs. neonate rabbit ileum using biotinylated ligands. In 90-d-old rabbit ileum, biotinylated BS-1 (Fig. 3 A) bound to the apical surface of villus and crypt epithelial cells. In addition to its surface location, BS-1 binding was prominent within epithelial cells. Numerous capillary endothelial cells and erythrocytes in the lamina propria and submucosa were also reactive with BS-1 because rabbit erythrocytes are known to have high concentrations of a-D-galactose on their surfaces (35, 36) . In 5-d-old rabbit ileum, BS-1 staining was observed only in the capillaries ofthe lamina propria, with no visible BB binding (Fig. 3 C) . In contrast to BS-1, toxin A binding in 90-d-old intestine (Fig. 3  B) was limited to the BB of villus tip cells. No binding was observed in 5 day old rabbit ileum when biotinylated toxin A was used as a ligand (Fig. 3 D) .
Age-related inhibition of protein synthesis and intestinal morphology. Previous studies indicated that inhibition of protein synthesis was parallel to cytotoxicity of C. difficile toxins (34, 37, 38) . We therefore compared the effect of increasing concentrations oftoxin A on protein synthesis and histology in adult and 5-d-old rabbit ileal explants in short-term organ cul- (Fig. 4, lower panel) whereas the 5-d-old ileal explants exposed to the same concentration of toxin A remained relatively normal (Fig. 4, upper panel) .
Discussion
The main finding in these studies is an age-related increase in (Table I) , probably reflects a response to severe cytoskeletal damage or membrane permeability changes. Inhibition of protein synthesis was used in this study as a measurement of cytotoxicity of toxin A and does not appear to be due to a direct action ofthis toxin. It would therefore seem more appropriate to demonstrate differences in newborn vs. adult intestine in response to toxin A by assessing cytoskeletal, permeability or secretory alterations, which may represent more specific and earlier effects ofthe toxin. Although we have attempted to study these effects of toxin A in closed ileal loops of 5-d-old rabbits using methods previously described by us (8, 9) , a large percentage of newborns died within 2 h due to surgical stress making data derived from these studies difficult to interpret. Morphologic evaluation of newborn ileal explants exposed to toxin A showed excellent preservation of architectural and cellular detail, compared to the adult explants which were severely necrotic (Fig. 4) , , F temporal relation between toxin A-induced biologic effects and receptor binding activity strongly suggests that the binding activity described in this and previous studies (24) reflects the presence of a functional receptor(s) for toxin A. Several reports indicate a strong correlation between the age-related expression ofmembrane receptors for bacterial toxins and responsiveness to enterotoxins. For example, the incidence of shigellosis is relatively low in neonates compared to older children (39, 40) . In rabbit intestine, receptors for shigella toxin are absent at birth, but develop rapidly during the third week oflife (20). Appearance ofthe intestinal shiga toxin receptor, globotriaosylceramide (Gb3) was associated with a secretory response to shiga toxin in rabbit ligated ileal loops, while in younger animals who lacked the receptor, no biologic effect of the toxin was noted (20). Another example is provided by the receptor for Escherichia coli heat-stable toxin. Infants and children up to 2 yr ofage are relatively more susceptible to toxigenic E. coli diarrhea than older children (41 ) . Infant intestine from rats (42) and humans (43) possessed a greater number of E. coli heat-stable enterotoxin receptors and human infant intestine was more responsive than mature intestine to the effects of heat-stable enterotoxin (44) . These data indicate that susceptibility of toxin-mediated diarrhea in infants is related, at least in part, to developmental regulation of specific enterotoxin receptors. The age-dependent appearance of toxin A binding sites in rabbit ileum may be related to the developmental regulation of receptor peptide synthesis (45 ) and/ or post-translational glycosylation of receptors by glycosyltransferases (46) (47) (48) (49) . We reported (50) that microsomal galactosyltransferase activity of fetal rat colon increased fourfold between 18 and 22 d ofgestation and then more slowly during neonatal life, reaching adult levels after 14 d. The toxin A receptor in rodents is a glycoconjugate that contains an a-linked galactose in or near the toxin binding domain. Conceivably, the diminished toxin A receptor binding activity in neonatal rabbit intestine may be explained by developmental regulation of the specific glycosyltransferase(s) that attach monosaccharides to the receptor peptide. As shown here and other studies ( 14, 21, 24) the specific epitope Gal a 1-3Gal 3 1-4GlcNAc-R appears to be closely related to the biologic effects of the toxin in intestinal and nonintestinal cells. A reasonable assumption to explain our findings is that developmental regulation of the enzyme which catalyzes the synthesis of this oligosaccharide, N-acetyllactosaminide a 1-3galactosyltransferase ( 51 ), may be responsible for absence of toxin A binding activity in infant rabbits. However, other developmentally regulated steps in toxin A receptor peptide synthesis and surface expression cannot be excluded. For example, the toxin A receptor in adult rabbit ileum and neutrophils is closely associated with membrane G proteins that regulate ligand binding affinity (24, 52, 53) . Thus, it is also possible that immaturity of the G proteins in newborn rabbit ileum may be responsible for diminished toxin A binding in neonatal ileum.
Our data differ from those of Rolfe (54) who reported toxin A receptors in infant hamster BB with similar binding kinetics to those of adults. The dissociation constant (Kd) reported by Rolfe for the toxin A hamster BB receptor (66 nM) was very similar to the rabbit BB receptor Kd (54 nM) reported by us (24) , and binding of toxin A to the hamster BB receptor was also temperature-sensitive, as reported by us (24) and others ( 14) . Species differences are more likely to explain discrepant results in rabbits and hamsters. Despite adequate levels oftoxin receptor, infant hamsters appear to be relatively insensitive to the effects oftoxin A, in that they can be successfully colonized with toxigenic C. difficile with no evidence of intestinal disease (55) . This suggests that factors other than receptor density or affinity, for example postreceptor events, may be involved.
In summary, we have shown that the relative absence of specific intestinal binding sites for C. difficile toxin A in newborn rabbits is correlated with diminished biologic response to the toxin in this species. Although it is not known at present whether the human intestinal receptor for toxin A is developmentally regulated, our data support the notion that the apparent resistance of human infants to C. difcile enteritis may be related to absence of a high-affinity toxin A receptor.
